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A NEW APPROACH TO THE PRODUCTION OF FLY ASH BASED STRUCTURAL MATERIALS 

Harry E .  Shafer,  J r ,  and Charles F. Cockrell  

Coal Research Bureau, West Vi rg in i a  Univers i ty  
Morgantown, West Vi rg in i a  

INTRODUCTION 

F ly  ash ,  a major by-product from the  combustion of pu lver ized  c o a l ,  has  be- 
come a problem of  s u b s t a n t i a l  proport ion a t  coa l  burning power p l a n t s .  The d i s t r i -  
bu t ion  and magnitude of f l y  ash production i n  1962 i s  i l l u s t r a t e d  i n  Figure 1. 
During t h a t  year f l y  ash product ion exceeded 1 2  mi l l i on  tons.  It i s  es t imated  t h a t  
by 1980 approximately 28 m i l l i o n  tons of f l y  ash w i l l  be produced annually. '  A t  
p r e sen t ,  the  major po r t ion  of  f l y  ash i s  dumped i n  a s l u r r y  i n  r a p i d l y  dwindling 
s to rage  a r e a s  while i n  o t h e r  l o c a t i o n s  f l y  ash may be so ld  f o r  a s  much a s  $4.00 
per t o n  o r  c a r r i e d  away a t  a c o s t  t o  the  power p l a n t  of  a s  much a s  $2.00 per 
ton.  Major commercial u s e s  f o r  f l y  a sh  today a r e  s o i l  s t a b i l i z a t i o n  i n  which the  
f l y  ash  i s  u t i l i z e d  as  a g rou t ;  a spha l t  paving mixes i n  which t h e  f l y  ash a c t s  
a s  a f i l l e r ;  and l igh t -weight  aggregate i n  which the f l y  ash i s  p e l l e t i z e d  and then 
s i n t e r e d .  

A s  one face t  of many involved i n  a United S t a t e s  Department of  I n t e r i o r ,  
Of f i ce  of  Coal Research c o n t r a c t  fo r  t h e  inves t iga t ion  of coal-associated minerals,  
work was i n i t i a t e d  by West V i r g i n i a  U n i v e r s i t y ' s  Coal Research Bureau wi th  the 
o b j e c t i v e  o f  u t i l i z i n g  f l y  ash  t o  reduce the  d i sposa l  problem a t  power p l a n t s  
a t t r i b u t a b l e  to  the lack  o f  adequate markets.  The use of  a mixture of f l y  ash and 
sodiuy s i l i c a t e  a s  a means t o  make s t r u c t u r e s  i s  documented i n  previous l i t e r a -  
t u re .  Ea r ly  attempts t o  p rocess  a f l y  ash-sodium s i l i c a t e  mix experienced d i f f i -  
c u l t y  because the  material set too  r a p i d l y  f o r  handling, produced blocks with 
c racks ,  and gave low compressive s t r eng ths .  Because o f  these  d i f f i c u l t i e s  a new 
approach t o  the  product ion of  f l y  ash-based s t r u c t u r a l  ma te r i a l s  was sought which 
involves  i n  p a r t  the use o f  sand in  t h e  f l y  ash-sodium s i l i c a t e  mix a s  an agent 
t o  inc rease  workab i l i t y  and t o  decrease f i s s u r i n g  by providing a pa th  f o r  moisture 
r e l e a s e .  Therefore, the o b j e c t i v e  of t h i s  paper i s  t o  introduce a method fo r  us ing  
a combination of low c o s t  m a t e r i a l s  i n  conjunction r i t h  modest forming p res su res  
t o  produce a super ior  s t r u c t u r a l  product which may be t e c h n i c a l l y  f eas ib l e .  The 
i n i t i a l  phases of th is  work have given encouraging r e s u l t s  and the United S t a t e s  
Department o f  I n t e r i o r  h a s  r e c e n t l y  f i l e d  a pa t en t  app l i ca t ion  covering t h i s  d i s -  
c losu re .  

MATERIALS AND EXPERIMENTAL WORK 

The o r i g i n  and screen  a n a l y s i s  of f l y  ash used i n  these experiments a r e  
given i n  Table 1. Ad- 
mixed Ohio River sand used t o  reduce f i s s u r i n g  was screened to  pass  28 mesh s i z e .  
Sodium s i l i c a t e  so lu t ion  was obtained from the  Ph i l ade lph ia  Quartz Company, t h e  
cornposition and p rope r t i e s  of which a r e  given i n  Table 3. 

Chemical composition of  f l y  ash is provided i n  Table 2. 

A l l  specimens were formed by use  o f  a f l o a t i n g  d i e  i n t o  the shape o f  a 
b r i c k  a s  a means t o  f a c i l i t a t e  t e s t i n g .  
were measured wi th  a Baldwin Model Universal  Tes t ing  Machine. 
temperatures,  a Hoskins e l e c t r i c  muffle furnace was used. 

Forming as  we l l  a s  breaking p res su res  
For f i r i n g  a t  h igh  

I n  t h e  prepara t ion  o f  test specimens, sand and f l y  ash i n  proper propor- 
t i o n s  were d r y  mixed fo r  f i v e  minutes t o  in su re  homogeneity. This  mixture was 
then  t r a n s f e r r e d  t o  v e s s e l s  where sodium s i l i c a t e  was added in s m a l l  increments 
and mixed t o  form p e l l e t s .  A quan t i ty  of  p e l l e t s  was chosen which would y i e l d  
a des i r ed  b r i c k  thickness when formed i n  t h e  d i e  a t  a s p e c i f i e d  p re s su re .  
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Generally 400 gram p e l l e t  charges were used i n  order  t o  produce a 2 X 4 X 1-5/13 
inch b r i c k  t e s t  specimen formed a t  1000 pounds per square inch p res su re  (p.s . i . ) .  
Cored t e s t  specimens were two and l a t e r  t h ree  1/2 inch diameter h o l e s  were adop- 
t ed  a3 a means to  increase  sur face  a rea ,  d ry ing ,  and s t r u c t u r a l  s t r e n g t h .  

The newly formed t e s t  specimens were subsequently a i r - d r i e d .  Next, 
compressive breaking s t r e n g t h  t e s t s  were run  on the  a i r - d r i e d  b r i c k s  o r  on br icks  
which were a i r -d r i ed  and then f i r e d  a t  l l O O ° C .  

The f i n a l  f i r i n g  temperature of 11(30°C was reached through programed tem- 
pe ra tu re  increases  over a period of 8 t o  10 hours,  maintained f o r  four t o  six 
hours,  and then gradual ly  cooled t o  room temperature.  

Specimens were t e s t e d  i n  accordance wi th  t h e  American Soc ie ty  of Tes t ing  
and Mater ia l s  (ASTM) method C67-60 e n t i t l e d  O'Standard Methods of Sampling and 
Tes t ing  Brick". 

RESULTS AND DISWSSZON 

Five bas ic  batch test campositions designated A , B , C , D  and E and t h e i r  pro- 
por t ions  a r e  given i n  Table 4. 
84.5; sand from 0.0 t o  22.7 and sodium s i l i c a t e  s o l u t i o n  from 9 . 1  t o  15.5. 

Fly  ash weight percentage ranges from 64.7 t o  

The foregoing ranges of composition were chosen a s  a r e s u l t  of explora- 
t o ry  t e s t s ,  some of which a r e  not l i s t e d ,  which demonstrated t h a t  coa r se r  batch 
compositions wi th  l e s s  than approximately 60 percent  f l y  ash r e s u l t e d  i n  a 
marked decrease i n  specimen s t r eng th .  This observa t ion  i s  ind ica t ed  i n  Table 5 
wi th  composition E ( t e s t s  16  to 24)where breaking s t r e n g t h s  were a l l  4150 p . s . i .  
o r  l e s s .  On the o the r  hand, f i n e r  batch compositions wi th  g r e a t e r  than  approxi- 
mately 72 percent f l y  ash showed evidence of good breaking s t r e n g t h ,  5060 p . s . i .  
o r  more, when a i r - d r i e d  fo r  t e n  days (See t e s t s  1 3  and 15, Table 5).  However, 
when these  batches were f i r e d ,  uniform moisture r e l e a s e  was obs t ruc t ed  because 
of t h e i r  f i n e  cons is tency  which caused f i s s u r e s  and d e c r e p i t a t i o n .  Also, f i ne  
compositions tended t o  be i n i t i a l l y  unworkable and r a p i d l y  hardened i n  t h i n  
s u p e r f i c i a l  l aye r s .  

It i s  apparerit from these  t e s t s  t h a t  increases compressive breaking s t r e n g t h s  
r e su l t ed  f o r  specimens t h a t  could be f i r e d .  It would appear t h a t  t he  s t ronger  
br icks  obtained by f i r i n g  r e s u l t e d  from a s o l u t i o n  r e a c t i o n  whereby the  specimen 
underwent p a r t i a l  v i t r i f i c a t i o n .  

Resu l t s  a l s o  i n d i c a t e  t h a t  for supe r io r  breaking s t r e n g t h s  above, 5100 p . s . i . ,  
l e s s  binder is requi red  when us ing  t h e  concent ra ted  RU (See t e s t s  1 t o  4) i n  p l ace  
of the d i l u t e  N-type sodium s i l i c a t e  (See t e s t s  5 t o  24) s o l u t i o n .  Specimens where 
the RU-type binder was used wi th  modest p re s su re  (1880 p . s . i . )  gave peak breaking 
s t r eng ths  when f i r e d  (See t e s t  1) and supe r io r  breaking s t r e n g t h s  when unf i red  
(See t e s t  4).  Low (790 p.s. i .)  forming p res su res  a130 y ie lded  supe r io r  breaking 
s t r e n g t h s  when f i r e d  (See t e s t s  2 and 3). 

Within the l imi t ed  scope of da t a ,  v a r i a t i o n s  i n  breaking s t rer igths  due 
t o  d i f f e r e n t  f l y  ash composition d id  not appear t o  be s i g n i f i c a n t .  Thus, t e s t s  
2 and 3 which were prepared under the same cond i t ions  us ing  h igh  s i l i c a ,  high 
alumina Appalachian and lower silica, lower alumina W i l l o w  Heland Bower P lan t  f l y  
ash y ie lded  e s s e n t i a l l y  the same breaking s t r e n g t h s  (5225 ver sus  5150 p . s . i . ) .  

Because of the exp lo ra to ry  na ture  of t h i s  I n i t i a l  t e s t  work, t h e  e f f e c t  o f  
the number of cores ,  forming p res su re ,  water add i t ion  and bulk d e n s i t y  on break- 
ing  s t r eng ths  i s  not  i nd ica t ed .  
being inves t iga t ed  over more confined ranges of v a r i a t i o n  than  those  presented i n  
Table V. 

The c o r r e l a t i o n  of these  f a c t o r s  is c u r r e n t l y  
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Addit ional  observa t ions  ind ica te  t h a t  the bulk d e n s i t y  of  raw f l y  ash i n  
compositions A,B, and C f o r  varying t e s t  condi t ions  were not  s i g n i f i c a n t l y  d i f -  
f e r e n t ,  ranging from 104 t o  107 pounds per cubic  foot .  However, when por t ions  
of  i r o n  were removed from raw f l y  ash by magnetic separa t ion ,  the  bulk d e n s i t y  
of composition B decreased t o  96 t o  98 pounds per  cubic f o o t ,  This d e s i r a b l e  
reduct ion  i n  bulk d e n s i t y  is more than l i k e l y  accompanied by a decrease i n  break- 
ing s t r e n g t h s .  There is a l s o  some reason t o  be l ieve ,  based on observa t ions  made 
dur ing  t e s t i n g ,  t h a t  t h e  r e d u c t i o n  of  i r o n  content  i n  f l y  ash i s  accompanied by 
a favorable  increase i n  w o r k a b i l i t y  and a decrease i n  b inder  consumption. 

I n  order  t o  examine ind iv idua l  requirements o t h e r  than physical  s t rength ,  
ASTM t e s t  were undertaken on s e v e r a l  t y p i c a l  specimens produced from compo- 
s i t i o n  B.' Five hour b o i l i n g  t e s t s  were conducted and i n  no ins tance  d id  the 
water  absorbed exceed 12 percent  of the o r i g i n a l  weight a s  compared to a permis- 
s i b l e  17 percent  for  optimum grade SW b r i c k  and 22 percent  f o r  high grade MW 
b r i c k .  The s a t u r a t i o n  c o e f f i c i e n t  was found t o  be 0.79, This compares favorably 
wi th  an allowable 0,78 and 0.88 i n  grades SW and EIw b r i c k s  r e s p e c t i v e l y .  
t i o n a l  f i r i n g  shrinkage tests were a l s o  conducted and i n  no case d id  the  shr ink-  
age exceed 1/64-inch f o r  a 4-inch test specimen (0.39% shrinkage) .  This  i s  w e l l  
w i t h i n  the allowance of s tandard  ASTM s p e c i f i c a t i o n s .  
the d u r a b i l i t y  of the  specimens was designed and undertaken. For a per iod  of 24 
hours  specimens were a l t e r n a t e d  between a steam chamber (98OC) and a f r e e z e r  
( - 2 5 O C )  a t  hourly i n t e r v a l s  i n  order  t o  t e s t  t h e i r  r e s i s t a n c e  t o  thermal and 
moisture  decomposition under extreme temperature change. The specimens were 
t e s t e d  while  s t i l l  cold and t h e  compressive breaking s t r e n g t h s  were found t o  be 
comparable t o  other  t e s t  specimens of t h e  same compositions which d i d  not  undergo 
the  repeated f reez ing  and hea t ing .  No such thermal g r a d i e n t  (123OC) e x i s t s  i n  
na ture  over a shor t  per iod o f  time, the purpose of t h i s  t e s t  being only  to dem- 
o n s t r a t e  the  d u r a b i l i t y  of t h e  specimens. 

Addi- 

A severe t e s t  t o  determine 

Since f l y  ash-based s t r u c t u r e s  may, among o ther  a p p l i c a t i o n s ,  f ind  use a s  
a bu i ld ing  mater ia l  some comparisons a r e  i n  order .  The breaking s t r e n g t h s  Of 
the f l y  ash-based t e s t  specimens compare favorably with those of common face ,  
c l a y  based, br ick .  The measured breaking s t r e n g t h s  of s i x  s p e c i a l l y  prepared 
common face br icks  of  dimensions s i m i l a r  to  those of the f l y  ash-based t e s t  speci-  
mens exceeded approximately 2600 P.S. i. 
and 58 percent  of the u n f i r e d  f l y  ash-based t e s t  specimens exceeded t h e  minimum 
breaking s t r e n g t h  (2600 p . s . i . )  of the common faced b r i c k .  The favorable  s i m i -  
l a r i t i e s  i n  s t rength  a r e  f u r t h e r  enhanced when comparing the  r e l a t i v e  bulk densi-  
t i e s .  Bulk dens i ty  of t h e  b e s t  grade pressed b r i c k  i s  approximately 150 pounds 
per  cub c foot  while common b r i c k  has a bulk d e n s i t y  of 125 pounds per  cubic 
f o o t .  5 s f i  The h ighes t  bulk d e n s i t y  obtained from the  f l y  ash-based t e s t  specimens 
d i d  no t  exceed 107 pounds per  cubic  foot  and i n d i c a t i o n s  a r e  t h a t  by t h e  removal 
of magnetic mater ia l  the  bulk d e n s i t y  can be f u r t h e r  reduced to l e s s  than one 
hundred pounds per cubic  f o o t .  

Thus, seventy- f ive  percent  of the f i r e d  

In t h e  absence o f  sca le -up  information,  a complete cos t  e s t i m a t e  f o r  t h e  
product ion o f  f l y  ash-based s t r u c t u r a l  products  i s  not  p o s s i b l e  a t  t h i s  time. 
Hcwver ,  on the  b a s i s  of  information obtained from both i n  u i r i e s  an p 1 hed 
.E?urces i t  i s  poss ib le  t o  e s t i m a t e  the cos t  of m a t e r i a l .  7 , 8 , 9 , 1 0 , 1 l , f 2 ,  u3, ft  
t y p i c a l  p r i c e s  of $1.00 per  ton  of f l y  ash,  $2.29 per ton  o f  screened sand, and 
$2.30 per  CWT of  HU-type sodium s i l i c a t e ,  t h e  c o s t  of m a t e r i a l s  per  thousand 
f l y  ash-based br icks  amounts t o  $11,30. 
d e n s i t i e s  of 105 pounds per  cubic  foot  f o r  t h e  f i r e d  t e s t  specimen of composi- 
t i o n  A.  Thus, $43.70 per  thousand b r i c k s  is a v a i l a b l e  f o r  c o s t s  of amort izat ion,  
d e p r e c i a t i o n ,  labor ,  p l a n t  o p e r a t i n g  c o s t  and p r o f i t  from the  $55.00 per  thousand 
r e a l i z a t i o n  value obta inable  from the  s a l e  o f  br icks .  Work is  c u r r e n t l y  d i r e c t e d  
a t  o b t a i n i n g  more d e t a i l e d  information on t h e  f a c t o r s  which a f f e c t  breaking 

This  es t imate  i s  based on b r i c k  bulk 
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strength and bulk density of the bricks. Such factors as materials handling, involv- 
ing the effe t of water additions and mixing time; forming pressure; drying time; 
firing rates; and firing temperature are critical and a series of factorial design 
experiments are currently underway. 

CONCLUSIONS 

Study of test results shows that the fired test specimens of composition A 
compare well with ASTM specifications on specimens tested. 
of fly ash-based structural material is attractive in that cost is  low for the ma- 
terial and long distance transportation is  not involved (See Figure l). 

No definite conclusions can be drawn concerning the relationship existing 

The relationship between the number of coring 

The acquisition cost 

between the effect of water addition, forming pressure, drying rate, and bulk 
density on breaking strength. 
holes and drying rate has not been determined. 
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Table 1 
Fly Ash and Screen Analysis 

Percentage Retained of qiven Mesh Size 

Source Designation 80 100 150 200 270 325 -325 
Monongahela Pcxier Company Willow Island 0.45 0.40 2.11 3.90 7.70 5.00 80.14 
Willov Island Station 

Appalachian Power Company Appalachian 0.12 0.01 0.07 0.12 0.24 3.02 95.42 
Kanawha River Plant (Electric) 
Glasgow, West Virginia 

Table 2 
Spectrochemical Analysis of Fly Ash (9.) 

Designation Si02 Al2O3 Fe203 Ti02 CaO MgO Na20 Carbon 
Willow Island 50.1 22.4 18.5 1.3 1.9 1.0 1.0 1.0 

Appalachian (Electric) 58.1 27.5 6.0 1.7 1.6 1.0 1.0 2.5 

, 

Table 3 
Composition and Properties of Sodium Silicate Solution 

2: Spec i f lc ‘Baume Vlscosit 
Type Na20:Si0 SJia20 %Si02 %H20 Gravity 68OF (Poises-20 C) lbs/Gal. 

N 1:3.22 8.9 28.7 62.4 1.394 41.0 , 1.8 11.6 

2 

RU 1:2.40 13.85 33.2 53.0 1.559 52.0 21.0 13.0 i 
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Table 4 
Percentage Composition of Fly Ash-Sand-Sodium Silicate 

Mixtures 

Sodium Silicate 
Fly Ash Sand Solution Sodium Silicate 

Composition (4. Weight) I% Weight1 ( X  Weight) (Type) 

A 68.2 22.7 9.1 

B 65.8 21.9 12.3 

C 84.5 0.0 15.5 

D 74.0 13.0 13.0 

E 64.7 21.6 13.7 

RU 

N 

N 

N 

N 

Table 5 

Breaking Strengths According to Cornposition 
Compilation of Test Results in Order of Decreasing 

7 Breaking' Bulk3 Method 0k4 Number5 Forming' Water 
Test Number Composition Strength Density Hardening Cores Pressures Addition 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 
10. 
11. 
12 * 

13. 
14. 

15. 

16. 
17. 
18. 
19. 

A -WI 

A-WI ' 

A-AP 
A-WI 

B-WI 
B -WI -1R 
B-WI 
B -WI -1R 
B-WI-IR 
B-WX 
B-AP 
B-WI-IR 

c-WI 
C -AP 

D-AP 

E -AP 
E -0 

E -WI 
E-Wi 

9190 

5225 
5150 
5100 

6780 
5400 
5 '2 60 
4500 
3590 
3560 
3520 
2800 

5570 
1500 

5060 

4150 
3200 
2460 
2440 

105-107 

105-107 

104-106 
96-98 

96-98 
104-106 

104-106 

F 
F 
F 

10 AD 

F 
F 
F 
F 

7 AD 
7 AD 
7 AD 
7 AD 

10 AD 

7 AD 

10 AD 

F 
F 
F 
F 

3 
3 
3 
3 

2 
3 
2 
3 
3 
2 
2 

3 

3 
2 

3 

3 
2 
2 
2 

1080 

790 
790 
1080 

1080 
1080 

790 
1080 
1080 
1080 
790 

790 

1080 
790 

790 

790 
790 ~ 

1370 
1900 

60 
60 
60 
60 

0 

0 

0 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

100 
100 
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Table 5 (Continued) 

7 
Breaking' Bulk3 Method o f4  Number' Forming6 Water 

Tes t  Number Composition S t r eng th  Density Hardening Cores Pressures  Addition 

20. E-WI 1900 F 2 960 100 

21. E -AP 1525 10 AD 2 530 0 

22. E -AP 1400 21 AD 2 790 0 

23. E -AP 1220 7 AD 2 790 0 

24. E -AP 1260 7 AD 2 530 0 

1. W I  =Wil low I s l and  Power P l a n t  F ly  Ash 
AP = Appalachian Power P l a n t  Fly Ash 
I R  = I r o n  reduced by magnetic s epa ra t ion  t o  approximately 5.6 percent .  

Breaking s t r eng th  i n  pounds per  square inch ( p . s . i . ) .  2. 

3. Bulk d e n s i t y  i n  pounds p e r  cubic foot .  

4. F = Fired  a t  l l O O ° C  
10 AD = Ai+r-dried f o r  t e n  days 
7 AD = A i r  d r ied  f o r  seven days 

Number of evenly spaced h o l e s  of 1!2- inch diameter i n  test  specimen. 5. 

6. Forming pressure i n  pounds per square inch ( p . s . i . ) .  

7.  Water add i t ion  i n  i a i l l i l i t e r s .  

. .  

i 
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